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Magnetocrystalline anisotropy energy for adatoms and monolayers on non-magnetic
substrates: where does it comes from?
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The substrate contribution to the magnetic anisotropy energy (MAE) of supported nanostructures
can be assessed by a site-selective manipulation of the spin-orbit coupling (SOC) and of the effective
exchange field Bex. A systematic study of Co adatoms and Co monolayers on the (111) surfaces
of Cu, Ag, Au, Pd and Pt is performed to study common trends in this class of materials. It is
found that for adatoms, the influence of the substrate SOC and Bex is relatively small (10–30% of
the MAE) while for monolayers, this influence can be substantial. The influence of the substrate
SOC is much more important than the influence of the substrate Bex, except for highly polarizable
substrates with a strong SOC (such as Pt). The substrate always promotes the tendency to an
out-of-plane orientation of the easy magnetic axis for all the investigated systems.
I. INTRODUCTION
One of the areas of materials research where a lot of
effort has concentrated lately is artificially prepared sys-
tems composed of magnetic and non-magnetic elements.
This includes multilayers, thin films, monolayers and var-
ious nanostructures supported by substrates. One of
the properties in focus here is the magnetocrystalline
anisotropy, i.e., the tendency of the system to orient its
magnetization preferentially in one direction with respect
to the crystal lattice. Such a property is very appealing
for technology as it finds its application in device and
information technology and in the whole area of what
is now called spintronics. However, magnetocrystalline
anisotropy presents also an interesting topic for funda-
mental physics.
Ab initio calculations of the magnetic anisotropy en-
ergy (MAE) are especially challenging. First, there are
big technical difficulties as evaluating the MAE means
that, at least in principle, one has to subtract two large
numbers — total energies for two orientations of the mag-
netization — with a great accuracy. Second, the cal-
culated value of the MAE can be affected by various
factors that are hard to control, such as many-body ef-
fects beyond the local density approximation (LDA)1–3
or “boundary effects” due to the finite sizes of the super-
cells used for describing the nanostructure4. However,
apart from calculating the MAE as accurately as pos-
sible one also wants to get an intuitive feeling how it
arises. One direction on this front is to try to link the
MAE to changes of specific electron states5–7. Another
direction, pursued strongly when studying composed sys-
tems, is to try to answer the question: “where does the
MAE come from”? Which atoms contribute to the MAE
to which extent? What is the role of the substrate for
the MAE of adatoms and monolayers? What is the role
of non-magnetic atoms in layered compounds such CoPd
or FePt?
A. Assigning the MAE to individual atoms
There are several ways how one could try to assign
MAE contributions to individual atoms. Probably the
one that comes most handy is to make use of the fact that
the expression for the MAE usually contains a sum over
atomic sites in one way or another. If the MAE is cal-
culated directly as a difference between total energies for
two orientations of the magnetization, one can subdivide
the spatial integral which has to be evaluated in this case
into parts coming from different regions. This approach
was adopted by Tsujikawa and Oda8 to study the spa-
tial variations of the MAE for Pt/Fe/Pt(001) and FePt.
A similar philosophy can be applied also if the MAE is
calculated simply by subtracting the band energies, rely-
ing on the magnetic force theorem. There again one can
identify contributions from different atoms because the
expression contains site-projected densities of states. In
this way the localization of the MAE was studied, e.g.,
for YCo4
9, Fe and Co thin films on Cu10,11, Co monolayer
on Au12, Co/Pd structures13,14, FePt and Fe1−xMnxPt
alloys15, Fe and Co wires on Pt16 or Fe and Co adatoms
on Rh and Pd17.
Another appealing possibility is to make use of the
torque formula (which again relies on the magnetic force
theorem). Here one formally adds contributions origi-
nating from the torque exerted on individual localized
magnetic moments, so one can presume that these quan-
tities correspond to real physical quantities (even though
these moments are not independent, because the torque
formula assumes that all the moments are infinitesimally
rotated at the same time). Materials which were investi-
gated in this way recently include Fe, Co and Ni adatoms
and monolayers on Ir, Pt and Au4,18, or a diluted Pt
monolayer inside Co19.
Apart from making use of formal sums over atomic
sites which occur in the expressions used for evaluating
the MAE, one can turn to various models and try to
get an insight from there. In this respect the so-called
Bruno formula, linking the MAE to the anisotropy of
the orbital magnetic moment µorb, comes into mind: one
2can define that for a multicomponent system, the rela-
tive importance of different atomic types is proportional
to the anisotropies of µorb for those types. This ap-
proach was applied, e.g., to metallic films20 or Co/Ni
(111) superlattices7.
There is yet another possibility to use a model-based
approach to identify localized contributions to the MAE.
Namely, as the magnetocrystalline anisotropy cannot
arise without the spin-orbit coupling (SOC), one can
think of introducing a non-zero SOC only at some atomic
sites while keeping it zero at the remaining ones. The
MAE of such a model system could then be seen as the
MAE due to those atoms where the SOC has been kept.
Such an approach was used, e.g., by Wang et al.5 for a
Pd/Co/Pd sandwich, U´jfalussy et al.21 for Fe/Cu thin
film overlayers, Baud et al.22 for Co wires on Pt or Sub-
kow and Fa¨hnle23 for Fe films. A similar approach can
be adopted in another formulation, where the torque is
evaluated as a sum of terms due to the SOC at different
atomic types24. In this way contributions to MAE were
analyzed, e.g., for a Mn monolayer onW(001)25 or for an-
tiferromagnetic MnX layered materials (X = Ni, Pd, Rh,
Ir)24. Also other authors relied on SOC manipulation to
demonstrate the importance of non-magnetic atoms for
the MAE of layered compounds of 3d and 4d/5d noble
metals6,15,26–28, even though they did not perform a full
analysis of the various contributions.
By analyzing the results obtained for various systems
up to now (mostly but not exclusively via the torque
decomposition scheme), a prevailing pattern concerning
the importance of non-magnetic element for the MAE
emerges: (i) For 3d adatoms on non-magnetic substrates,
the contribution from the magnetic atom clearly domi-
nates, the contribution from the non-magnetic atoms can
be neglected4,18,29. (ii) For monolayers or wires of 3d
atoms on non-magnetic substrates as well as for layered
systems such as L10 compounds, the role of the substrate
is important, sometimes even dominant4,15,16,18,22,24,25.
B. Problems with assigning MAE to individual
atoms
Despite the common trends that can be extracted
from the results obtained via various methods, there
are clearly also problems with attempts to attribute the
MAE to individual atoms. First, one should mention that
even technically, the decomposition schemes may be am-
biguous, as it was demonstrated by Subkow and Fa¨hnle30
for a particular implementation of the decomposition via
the sum over the band energies. Second, if different MAE
decomposition schemes are applied to the same system,
different results are obtained. For example, Burkert et
al.15 investigated FePt and found that Fe atoms are re-
sponsible for about 70% of the MAE if estimated from
the sum of the band energies but only for 14% of the
MAE if estimated by manipulating with the SOC. This
controversy can be reinforced by observing that if the
MAE is decomposed via subdivision of the spatial inte-
gral in the total energy formula, the contribution from Fe
atoms is more important than the contribution from Pt
atoms8 while if the decomposition via real-space calcu-
lation of the torque is employed, the MAE is attributed
almost entirely to the Pt sublattice26.
While one might be able to reconcile these differences
by one way or another, there is a deep internal problem
with the effort to assign MAE contributions to individ-
ual atoms. Namely, total energy of an inhomogeneous
system is not an extensive quantity and so one cannot
decompose the MAE uniquely into sums of contributions
coming from various spatial regions. Assigning one part
of the MAE to one atom and another part of the MAE to
a different atom can be always only intuitive and in prin-
ciple ambiguous. It is only the final sum that provides a
well-defined quantity.
This does not necessarily mean that there can never be
any physical content in the division of the MAE among
atoms or layers. E.g., it was found that if the MAE for
a Co layer buried in Pt is decomposed via the torque
formula, the layer-resolved MAE obtained in this way
can be related to the shifts of the valence states in a
given layer invoked by Friedel oscillations of the charge19,
which clearly is a well defined physical concept. How-
ever, in general, whenever one tries to decompose the
MAE into a sum of spatially located parts, one has to be
prepared for ambiguities and inconsistencies.
C. Method for assessing the role of individual sites
for the MAE
Despite all this, one would still like to know what is
the role of different atoms for the MAE of complex sys-
tems, even though such a question has formally no ex-
act meaning; the intuitive meaning of such a question is
clear enough. One just needs to reformulate the question
about the localization of the MAE in such a way that
it is formally well-defined and yet it embraces the vague
but illuminating concept of “where does the MAE come
from”.
To find such a formulation, one should take into ac-
count what is the mechanism that leads to the magne-
tocrystalline anisotropy — in particular, in systems com-
prising magnetic and non-magnetic atoms alike. Let us
recall that Shick et al.25, suggested that in 3d–5d bimetal-
lic systems such as CoPt and FePt, the contribution of
the 5d atoms to the MAE originates from (i) strong SOC
at the 5d atoms, (ii) exchange splitting at the 5d atoms
induced by the magnetic 3d atoms, and (iii) Stoner en-
hancement of the local spin susceptibility at 5d atoms.
Items (i) and (iii) can be tested by a computer exper-
iment: one can selectively switch off the SOC at non-
magnetic atoms via various schemes and one can also
suppress the effective exchange field Bex at non-magnetic
atoms by simply forcing the spin-up and spin-down po-
tentials to be equal. In this way one gets a well-defined
3model system for which a uniquely defined MAE can be
calculated. As concerns the exchange splitting induced
by the magnetic atoms at the originally non-magnetic
atoms [the point (ii) mentioned above], this cannot be
completely eliminated: by suppressing the Bex field for
non-magnetic atoms, one does not remove the magnetiza-
tion of the respective atoms completely but allows them
to be polarized only by hybridization with neighbouring
magnetic atoms. The local Pauli or paramagnetic sus-
ceptibility can be seen as a measure for the effectiveness
of this mechanism.
The MAE obtained when suppressing the SOC and
Bex in the region occupied by originally non-magnetic
atoms can be viewed as that part of the MAE of the
system which comes only from the magnetic atoms —
because the SOC and Bex at the non-magnetic atoms
have been suppressed. Promoting this picture further,
one can think of the difference between the MAE for
the system with full SOC and Bex and the MAE for the
system with SOC and Bex suppressed in the substrate as
of the “contribution of the substrate” to the total MAE
of the system.
Obviously, this is only an intuitive concept that can-
not be taken too literally. Due to the non-locality of
the MAE, any attempt to decompose it is in principle
ambiguous. E.g., using the same philosophy as above
but along a different path, one could alternatively define
the contribution of the substrate as the MAE calculated
with the SOC suppressed at the magnetic adatoms. Such
a quantity would clearly differ from the difference dis-
cussed above (see also the results in Tabs. VI and VII
in Sec. III B). There is no formally exact way of say-
ing which approach is better than another one. Still,
some approaches may be preferable in the intuitive way,
by illustrating certain physical aspects. Our concept re-
spects the fact that there would be no MAE without
the magnetic adatoms and contains an aspect of spa-
cial localization via site-related SOC and Bex. At the
same time, unlike some other approaches, is it techni-
cally unambiguous because it always involves calculating
the MAE for the whole system. One can also view the
results presented here disregarding any discussion about
“localization”, simply as a comprehensive study of sep-
arate effects of SOC and Bex on the MAE of adatoms
and monolayers. One should also have in mind that we
focus here specifically on the role of the substrate SOC
and Bex. However, even without any SOC and Bex the
substrate affects the electron states via hybridization and
thus has an influence on the MAE. This aspect was thor-
oughly explored, e.g., when comparing the MAE for a
free-standing Co monolayer and for Co/Cu, Co/Ag, and
Co/Pd multilayers5,6 or for a Co monolayer on Pt31. In
particular, it was noted that the position of the d states
of the magnetic atoms with respect to the d states of the
substrate and to the Fermi energy is important5. In this
work we mean by contribution of the substrate to the
MAE only the contribution of the substrate SOC and
Bex, which can be localized within the limitations and
FIG. 1. (Color online) Structure diagrams for a Co adatom
and a Co monolayer on a (111) surface of an fcc crystal.
The Co atoms are represented by blue (dark) circles, various
shades of orange (grey) represent substrate atoms in different
layers.
ambiguities mentioned above.
Our approach towards assessing the role of non-
magnetic atoms for the MAE is in line with earlier
works where the SOC was manipulated in a similar
way5,6,15,22,23,26–28. It should be noted, however, that de-
spite the numerous works where the SOC manipulation
was used to analyze the MAE, the results obtained so far
are quite sparse and scattered among different systems
and it is hardly possible to draw systematic conclusions
concerning the influence of the SOC at non-magnetic
atoms. The role of the effective exchange field at orig-
inally non-magnetic atoms has not been investigated in
this respect before, to the best of our knowledge.
In this work we want to focus on a series of systems
comprising magnetic adatoms and monolayers on non-
magnetic noble metal substrates and to assess the role
of the substrate for the MAE. We focus selectively on
the role of the SOC and of the effective exchange field
at the substrate atoms. We will show that while for the
adatoms the contribution of the substrate SOC and Bex
is relatively small, for monolayers it can substantial. We
will also show that the contribution due to the SOC is
more important than the contribution due to Bex and
that for highly polarized substrates with large SOC, the
effect of both factors is non-additive.
II. COMPUTATIONAL FRAMEWORK
We study the MAE for Co adatoms and Co monolayers
on (111) surfaces of noble metals Cu, Ag, Au, Pd, Pt.
In this way we include in our study substrates which
are hard to polarize (Cu, Ag, Au) and substrates that
are easy to polarize (Pd, Pt) as well as substrates with
weak SOC (Cu), with moderate SOC (Pd, Ag), and with
strong SOC (Pt, Au). The geometry of the systems is
schematically shown in figure 1, some properties of the
substrates are summarized in table I.
The electronic structure is calculated within the ab ini-
tio spin density functional framework, relying on the local
spin density approximation (LSDA) with the Vosko, Wilk
and Nusair parametrization for the exchange and corre-
lation potential32. The electronic structure is described,
4TABLE I. Comparison of properties of noble metals used as
substrates: lattice constant a, the SOC parameter ξ, mag-
netic susceptibility χm and Stoner enhancement factor Sxc.
The SOC parameters ξ were calculated for bulk crystals by a
method described by Davenport et al.35, the remaining prop-
erties were taken from the literature.
a [A˚] ξ [meV] χm [10
−6cm3mol−1] Sxc
Cu 3.615 137 -5a 1.1,b 1.1c
Ag 4.085 299 -20a 1.1,b 1.2c
Au 4.078 845 -28a 1.1,b 1.1c
Pd 3.891 237 540a 9.9,d 12.1e
Pt 3.911 712 193a 3.7,d 4.2e
a Lide36
b MacDonald et al.37
c Smelyansky et al.38
d Sa¨nger and Voitla¨nder39
e Povzner et al.40
including all relativistic effects, by the Dirac equa-
tion, which is solved using the spin polarized relativis-
tic multiple-scattering or Korringa-Kohn-Rostoker (SPR-
KKR) Green’s function formalism33 as implemented in
the spr-tb-kkr code34. The potentials were treated
within the atomic sphere approximation (ASA). For the
multipole expansion of the Green’s function, an angular
momentum cutoff ℓmax=3 was used. The energy integrals
were evaluated by contour integration on a semicircular
path within the complex energy plane using a logarith-
mic mesh of 32 points. The integration over the k points
was done on a regular mesh, using 10000 points in the
full surface Brillouin zone. The convergence of the MAE
with respect to the k space integration grid is checked
in A.
The electronic structure of Co monolayers on sur-
faces was calculated by means of the tight-binding KKR
technique41. The substrate was modelled by a slab of 16
layers, the vacuum was represented by 4 layers of empty
sites. The adatoms were treated as embedded impurities:
first the electronic structure of the host system (substrate
with a clean surface) was calculated and then a Dyson
equation for an embedded impurity cluster was solved42.
The impurity cluster contains 131 sites; this includes a
Co atom, 70 substrate atoms and the rest are empty sites.
We assume that all the atoms are located on ideal lat-
tice sites of the underlying bulk fcc lattice, no structural
optimization was attempted. While this affects the com-
parison of our data with experiment, we do not expect
this to have significant influence on our conclusions con-
cerning the relative role of the substrate for the MAE
of adatoms and monolayers (see also the discussion in
Sec. IV).
The MAE is calculated by means of the torque Tuˆ(nˆ)
which describes the variation of the energy if the magne-
tization direction nˆ is infinitesimally rotated around an
axis uˆ. If the expansion of the total energy is restricted
to the second order in directions cosines as43
E(θ, φ) = E0 +K2,1 cos 2θ
+K2,2(1− cos 2θ) cos 2φ
+K2,3(1− cos 2θ) sin 2φ
+K2,4 sin 2θ cosφ
+K2,5 sin 2θ sinφ , (1)
where θ is the angle between the surface normal and the
magnetization direction and φ is the azimuthal angle,
the difference in energy between the in-plane and out-of-
plane magnetizations can be obtained just by evaluating
the torque for θ = 45◦44:
E(90◦, φ)− E(0◦, φ) = −2K2,1 + 2K2,2 cos 2φ
+ 2K2,3 sin 2φ
= ∂E(θ,φ)∂θ
∣∣∣
θ=45◦
. (2)
The torque itself was calculated by relying on the mag-
netic force theorem45. We define the MAE as
EMAE ≡ E
(x) − E(z) , (3)
where E(α) is the total energy of a system if the magne-
tization is parallel to the α axis. A positive EMAE thus
implies an out-of-plane magnetic easy axis.
It should be noted that by evaluating the MAE ac-
cording to equation (2) which relies on the expansion
(1), we restrict ourselves to the uniaxial contribution to
the MAE, neglecting the higher order terms. As our aim
is to investigate the basic trends concerning the influence
of the substrate SOC and Bex on the MAE, this simpli-
fication does not affect our conclusions. A comparison
of results obtained via equation (2) with results obtained
via a full torque integration is presented in B.
Apart from the magneto-crystalline contribution to the
MAE which we focus on, there is also a dipole-dipole
contribution to the MAE due to the Breit interaction
(shape anisotropy)46. The shape anisotropy energy is not
considered here; it’s value for a Co monolayer on noble
metal (111) surfaces is about -0.09 meV18.
If the spin-orbit coupling is included in the calcula-
tion implicitly via the Dirac equation, it is not possible
to study the relation between the SOC strength and a
selected physical quantity in a direct way — contrary
to schemes where a SOC term can be identified in the
approximate Hamiltonian. Rather, one can vary the
speed of light c which, however, modifies all relativistic
effects. It is nevertheless possible to isolate the bare ef-
fect of the SOC by using an approximate two-component
scheme47 where the SOC-related term is identified via re-
lying on a set of approximate radial Dirac equations. In
some respect this approach is an extension of the scheme
worked out by Koelling and Harmon48 and implemented
by MacLarren and Victora49. This scheme was used in
the past to investigate the influence of the SOC on var-
ious properties50–53. In this work we use this scheme
to suppress the SOC selectively either at the substrate
5TABLE II. Spin magnetic moments µspin (in µB) inside
atomic spheres around Co adatoms on noble metals, with
magnetization perpendicular to the surface. The first data
column shows the results with the SOC included both at the
Co atoms and at the substrate, the second column shows the
results with the SOC only at Co atoms, and the last col-
umn shows the results with the SOC considered only at the
substrate atoms. Additionally, the first line for each substrate
shows the results obtained if no restrictions are laid on the ex-
change field Bex while the second line shows results obtained
if Bex is suppressed in the substrate.
ξCo 6= 0 ξCo 6= 0 ξCo = 0
substrate ξsub 6= 0 ξsub = 0 ξsub 6= 0
Cu Bex 6= 0 2.11 2.11 2.11
Bex = 0 2.11 2.11 2.11
Ag Bex 6= 0 2.22 2.22 2.22
Bex = 0 2.22 2.22 2.22
Au Bex 6= 0 2.28 2.28 2.28
Bex = 0 2.28 2.28 2.28
Pd Bex 6= 0 2.33 2.33 2.33
Bex = 0 2.34 2.33 2.34
Pt Bex 6= 0 2.37 2.38 2.37
Bex = 0 2.37 2.38 2.37
atoms or at the Co atoms while retaining all other rela-
tivistic effects. We checked that if the SOC is included
at all sites within the approximative scheme47, it yields
practically identical results to those obtained if the full
Dirac equation is solved (for example, the MAE obtained
for the monolayers using a full Dirac equation is by 0.01–
0.02 meV per Co atom larger than the MAE obtained
using the approximative scheme of Ebert et al.47).
To assess the role of the Stoner enhancement of the
local spin susceptibility at the substrate atoms, we made
yet another series of calculations, with the effective ex-
change field Bex set to zero for the substrate atoms dur-
ing the self-consistent cycle. In this way the substrate
atoms will be spin-polarized only due to the unenhanced
Pauli susceptibility. Suppressing Bex would presumably
have little effect for Cu, Ag, or Au substrates where the
Stoner enhancement factor Sxc is small. However, for
Pd and Pt, which are close to the ferromagnetic insta-
bility and the Sxc factor is relatively large, suppressing
Bex could affect the outcome significantly (see Polesya et
al.54 for a comparison of enhanced and unenhanced spin
magnetic moments in Pd).
III. RESULTS
A. Influence of SOC and Bex on magnetic moments
We start by investigating how the spin magnetic mo-
ment µspin and orbital magnetic moment µorb are affected
by manipulations with the SOC parameter for Co atoms
and for the substrate and with Bex field for the host. In
TABLE III. Orbital magnetic moments µorb (in µB) inside
atomic spheres around Co adatoms on noble metals, with
magnetization perpendicular to the surface. Otherwise, as
for table II.
ξCo 6= 0 ξCo 6= 0 ξCo = 0
substrate ξsub 6= 0 ξsub = 0 ξsub 6= 0
Cu Bex 6= 0 1.092 1.095 -0.010
Bex = 0 1.096 1.099 -0.010
Ag Bex 6= 0 1.619 1.611 -0.017
Bex = 0 1.619 1.612 -0.017
Au Bex 6= 0 1.388 1.392 -0.048
Bex = 0 1.389 1.393 -0.049
Pd Bex 6= 0 0.788 0.794 -0.018
Bex = 0 0.795 0.803 -0.022
Pt Bex 6= 0 0.748 0.759 -0.054
Bex = 0 0.750 0.762 -0.056
TABLE IV. Spin magnetic moments µspin inside atomic
spheres around Co atoms in a monolayer on a noble metal.
As for table II, just with additional results for free-standing
Co monolayers.
ξCo 6= 0 ξCo 6= 0 free ξCo = 0
substrate ξsub 6= 0 ξsub = 0 standing ξsub 6= 0
Cu Bex 6= 0 1.68 1.67 1.67
Bex = 0 1.68 1.67 1.91 1.67
Ag Bex 6= 0 1.92 1.92 1.92
Bex = 0 1.92 1.92 2.06 1.92
Au Bex 6= 0 1.93 1.93 1.93
Bex = 0 1.93 1.93 2.06 1.93
Pd Bex 6= 0 1.99 1.99 1.99
Bex = 0 2.00 2.00 2.02 2.00
Pt Bex 6= 0 1.97 1.98 1.97
Bex = 0 1.98 1.99 2.02 1.97
particular, we calculated µspin and µorb (i) if the SOC is
fully accounted for, (ii) if the SOC is included only on Co
atoms, and (iii) if the SOC is included only on the sub-
strate atoms. For all three cases, we further distinguish
the situations when the effective exchange field in the
substrate is retained (Bex 6= 0) and when it is suppressed
(Bex = 0). Moreover, we performed also calculations for
free-standing Co monolayers with the same geometry as
the (111) layer of the respective substrate. The results
for the adatoms are shown in table II and III, the results
for the monolayers are shown in table IV and V. For the
purpose of investigating magnetic moments, we restrict
ourselves only to the case when the magnetization is ori-
ented perpendicular to the surface.
It follows from our results that the magnetic moments
are in many respects quite inert with respect to a ma-
nipulation of SOC and Bex of the substrate. By sup-
pressing the SOC and/or the exchange field Bex in the
substrate, µspin in the Co atomic spheres changes by no
more than 0.5%. Likewise, suppressing Bex in the sub-
strate changes µorb in Co atomic spheres by no more than
6TABLE V. Orbital magnetic moments µorb inside atomic
spheres around Co atoms in a monolayer on a noble metal.
As for table III, just with additional results for free-standing
Co monolayers.
ξCo 6= 0 ξCo 6= 0 free ξCo = 0
substrate ξsub 6= 0 ξsub = 0 standing ξsub 6= 0
Cu Bex 6= 0 0.097 0.101 -0.004
Bex = 0 0.097 0.101 0.108 -0.004
Ag Bex 6= 0 0.190 0.193 -0.004
Bex = 0 0.192 0.193 0.204 -0.004
Au Bex 6= 0 0.171 0.191 -0.021
Bex = 0 0.171 0.191 0.202 -0.021
Pd Bex 6= 0 0.155 0.167 -0.010
Bex = 0 0.155 0.165 0.160 -0.010
Pt Bex 6= 0 0.141 0.162 -0.019
Bex = 0 0.141 0.162 0.164 -0.018
1%. This applies both for the adatoms and for the mono-
layers. If the SOC of the substrate is suppressed, µorb in
Co atomic spheres always increases (with the exception
of a Co adatom on Ag); this increase is at most 15%. In-
terestingly, if the SOC is included only for the substrate
atoms, the µorb at Co atoms arising via hybridization
with substrate SOC-split states is always negative.
The variation in µspin for free-standing Co monolayers
reflects the variation in the lattice constants of the sub-
strates to which the geometries are adjusted (cf. table I).
The largest decrease of µspin due to the hybridization
between Co and noble metal states is for the Cu sub-
strate (about 10%), the smallest decrease is for the Pd
and Pt substrates (about 2%). The change in µorb in-
duced by the Co-substrate hybridization is similar as for
µspin (less than 10%). This reflects the fact that we are
dealing with perpendicular magnetization here, meaning
that even for supported monolayers the quenching of µorb
is mainly due to the hybridization with states associated
with Co atoms.
B. Influence of SOC and Bex on the MAE
Our main focus is the MAE, which we calculated for
the same manifold of SOC and Bex options for which
we calculated µspin and µorb above. The results are pre-
sented in table VI for the adatoms and in table VII for
the monolayers. Let us recall that results obtained with
full SOC are shown in the first column of numbers, re-
sults obtained if the SOC at the substrate is suppressed
are in the second column. So the role of the substrate can
be assessed by comparing the numbers in the first and in
the second column and, to account also for the influence
of the exchange field, the numbers in the first column
should be taken for Bex 6= 0 while the numbers in the
second column should be taken for Bex = 0. Table VII
shows also the MAE for a free-standing Co monolayer
with the geometry of the respective substrate. By com-
TABLE VI. EMAE = E
(x) − E(z) (in meV) for Co adatoms
on noble metals calculated for different ways of inluding the
SOC and Bex. Similarly to table II, the results in first colum
were obtained with the SOC included at the Co atoms as well
as at the substrate, results in the the second column are for
the SOC included only at Co atoms, and the results in the
third column are for the SOC included only at the substrate.
For each substrate, the first line shows results obtained when
no restrictions were laid on the exchange field Bex while the
second line shows results obtained when Bex was suppressed
in the substrate.
ξCo 6= 0 ξCo 6= 0 ξCo = 0
substrate ξsub 6= 0 ξsub = 0 ξsub 6= 0
Cu Bex 6= 0 13.17 12.43 -0.03
Bex = 0 13.23 12.50 -0.03
Ag Bex 6= 0 15.87 14.54 -0.05
Bex = 0 15.88 14.54 -0.05
Au Bex 6= 0 14.72 10.13 -0.45
Bex = 0 14.73 10.14 -0.45
Pd Bex 6= 0 6.58 4.65 0.01
Bex = 0 6.49 4.56 0.03
Pt Bex 6= 0 8.72 5.74 1.19
Bex = 0 8.70 5.69 1.19
TABLE VII. EMAE = E
(x)−E(z) (in meV) for Co monolayers
on noble metals calculated for different ways of inluding the
SOC and Bex. As for table VI, just with additional results
for free-standing Co monolayers.
ξCo 6= 0 ξCo 6= 0 free ξCo = 0
substrate ξsub 6= 0 ξsub = 0 standing ξsub 6= 0
Cu Bex 6= 0 -0.68 -0.83 -0.02
Bex = 0 -0.69 -0.83 -1.20 -0.02
Ag Bex 6= 0 -1.59 -1.90 -0.01
Bex = 0 -1.62 -1.90 -2.60 -0.01
Au Bex 6= 0 -0.62 -1.51 -0.25
Bex = 0 -0.63 -1.51 -2.56 -0.26
Pd Bex 6= 0 0.20 -0.27 -0.10
Bex = 0 0.15 -0.34 -1.83 -0.18
Pt Bex 6= 0 0.08 -0.21 -1.03
Bex = 0 -0.24 -0.26 -1.90 -1.43
paring this value with the number to the left of it we get
an idea how the MAE is influenced solely by hybridiza-
tion of Co states with noble metal states, without any
contribution from the substrate SOC or Bex. The num-
bers in the last column are less important but still inter-
esting: they represent something that could be viewed as
a “bare” influence of the substrate, if there is no SOC at
the Co atoms.
By inspecting these tables, one can recognize several
general trends. First, one can see that for the adatoms
the contribution of the substrate SOC and Bex is rela-
tively small, while for the monolayers this contribution
can be sometimes truly substantial. To be more specific,
the situation for the adatoms is such that the magnetic
7easy axis is always out-of-plane, no matter whether the
substrate SOC and Bex is included or not; the effect of
switching on the substrate is just that the numerical val-
ues for the EMAE increase (by 5% for the Cu substrate,
by 35% for the Pt substrate). For the monolayers, on the
other hand, including the substrate SOC and/or Bex may
reorient the magnetic easy axis: it is in-plane if the sub-
strate contribution is suppressed but it is rotated to the
out-of-plane direction if the substrate SOC and Bex is in-
cluded for the Pd and Pt substrates. (For Cu, Ag, and Au
substrates the easy magnetic axis of a Co monolayer re-
mains in-plane if the substrate SOC and Bex are switched
on but the absolute value of the EMAE decreases.)
It follows also from Tabs. VI–VII that the contribu-
tion due to the substrate SOC is practically always more
important than the contribution due to the substrate ex-
change field Bex. In particular, suppressing substrate Bex
has practically no effect for the adatoms. For the mono-
layers, Bex has got a negligible influence in case of Cu,
Ag, and Au substrates, a significant influence in case of
the Pd substrate and a crucial influence in case of the
the Pt substrate (indeed, it is the substrate exchange
field that switches the magnetic easy axis from in-plane
to out-of-plane).
Even though our focus is on SOC and Bex, it is instruc-
tive to have a look at the changes in the MAE caused by
depositing a free-standing Co monolayer on a substrate
with ξsub=0 and Bex=0. This could be viewed as the pure
effect of Co-substrate hybridization. The strength of this
effect appears to be significantly larger for the Pd and Pt
substrates than for the Cu, Ag, and Au substrates. This
seems to reflect the fact that the overlap between Co and
noble metal valence bands is larger for the Co/Pd and
Co/Pt interfaces on the one hand than for the Co/Cu,
Co/Ag, and Co/Au interfaces on the other hand5,6,55.
Different roles of hybridization in this respect were dis-
cussed in detail by Wang et al.5 and by Daalderop et
al.6.
Let us note finally that by comparing the EMAE values
in the first, the second and the last column in Tabs. VI–
VII, one sees immediately that the effect of the SOC at
different sites is not additive: the true MAE is clearly
not a sum of the MAE obtained if the SOC is included
only at the Co atoms with the MAE obtained if the SOC
is included only at the substrate — not even in case of
substrates with weak or moderate SOC.
C. Comparing SOC and Bex manipulation with
decomposition of EMAE by means of the torque
contributions
As it was mentioned in the introduction, the torque
method has often been used to resolve the MAE into
localized contributions. It is thus instructive to compare
quantitatively the role of the substrate as deduced from
the SOC and Bex manipulation and as provided by a
mechanical assignment of individual terms in the sum of
TABLE VIII. Role of the substrate in generating the MAE
for Co adatoms on noble metals as assessed by SOC and Bex
manipulation and as assessed by comparing individual terms
in the torque evaluation.
via SOC and Bex via comparing
substrate manipulation Ti terms
Cu 5.1% 0.02%
Ag 8.4% 0.00%
Au 31.1% 0.01%
Pd 30.7% 0.67%
Pt 34.8% 0.14%
TABLE IX. As for table VIII, however, for Co monolayers
instead of Co adatoms.
via SOC and Bex via comparing
substrate manipulation Ti terms
Cu -20.4% -0.10%
Ag -19.3% -0.06%
Au -142.5% -0.39%
Pd 265.5% 24.7%
Pt 422.5% 190.9%
the torque contributions to individual atoms,
EMAE =
∑
j
T
(θ=45◦)
j . (4)
In particular, using the method employed in this work,
a quantitative measure of the role of the substrate for
EMAE can be obtained by subtracting and dividing ap-
propriate values in Tabs. VI–VII, which can be symboli-
cally written as
w
(SOC,Bex)
sub =
EMAE({Co, sub})− EMAE({Co})
EMAE({Co, sub})
(5)
with
{Co, sub}∼= {ξCo 6= 0, ξsub 6= 0, Bex 6= 0} ,
{Co} ∼= {ξCo 6= 0, ξsub = 0, Bex = 0} .
To get an analogous quantity by relying on resolving the
sum of the torque contributions, one can apply a proce-
dure that can be symbolically denoted as
w
(Tj)
sub =
∑
sub T
(θ=45◦)
j∑
Co,sub T
(θ=45◦)
j
. (6)
One should, however, keep in mind that proceeding along
this second scheme is not internally consistent as one im-
plicitly makes an assumption that the energy is “spatially
additive”. Use of equation (5), on the other hand, is free
of such issues because now we always evaluate the en-
ergy of the whole model system — we only change its
properties by manipulating the SOC and Bex.
8The relative importance of the substrate evaluated via
procedures outlined in Eqs. (5)–(6) is presented in ta-
ble VIII for Co adatoms and in table IX for Co monolay-
ers. One sees immediately that there are clear differences
between both procedures. The more physical approach
based on the SOC and Bex manipulation reveals that
the role of the substrate is significantly larger than what
would follow from the mechanistic decomposition of the
torque sum. In some cases this difference is striking (such
as, e.g., for Co adatoms in Au, Pd, and Pt or for a Co
monolayer on Au).
IV. DISCUSSION
Our goal was to study the localization of the MAE
in complex systems, with focus on the question whether
the MAE of adatoms and monolayers adsorbed on non-
magnetic supports resides mostly in the adsorbed atoms
or in the substrate. We noted that this question in princi-
ple cannot be answered, or at least cannot be answered in
an unambiguous way, because the energy of an inhomo-
geneous system is not an extensive quantity and thus the
energy of a composed system cannot be split into ener-
gies residing in sub-parts of the system. At the same
time, the simple question “where does the anisotropy
come from” follows naturally from the effort to under-
stand the MAE in simple terms. Therefore, it is desirable
to re-formulate it in such a way that it does not suffer
from inconsistencies and still reflects the intuitive ques-
tion about the role of the adsorbates and the substrates
in generating the magnetocrystalline anisotropy. The ap-
proach we adopted, namely, comparing the MAE calcu-
lated for the original system with the MAE calculated
for a model system where the key factors contributing to
the magnetocrystalline anisotropy (such as the SOC and
Bex) are selectively suppressed satisfies this requirement.
Before we proceed further, let us compare our results
with earlier theoretical and experimental results for the
same systems we explore here. This is done in table X.
When analyzing the theoretical results, one should have
in mind that comparing theoretical MAE values obtained
by different studies is not always straightforward. First,
the MAE is sensitive to the adatom-substrate geometry
relaxation58,66, so quantitative differences between differ-
ent works may be due to different interatomic distances
used. However, the MAE of adatoms and monolayers is
also sensitive to the way the substrate is accounted for
(i.e, how many layers have been used to model the semi-
infinite half-crystal) and to whether the adatoms are al-
lowed to interact with each other or not (i.e., what is the
lateral size of the supercell which simulates the adatom)4.
Also technical parameters such as angular momentum
cutoff ℓmax are important. To analyze the differences be-
tween all the various theoretical calculations would thus
be quite complicated and beyond our scope. Still we
should address two probably most serious simplifications
of our treatment, which is the use of the ASA and the ne-
TABLE X. EMAE (in meV) calculated in this work compared
with other ab initio calculations and with experiment. The
systems include free-standing monolayers Co∞ with geome-
tries of Pd(111) and Pt(111) (first two lines) and adatoms
Co1 and monolayers Co∞ supported by (111) surfaces of fcc
substrates. The experimental values for monolayers include
also a dipole-dipole contribution of about -0.09 meV18.
system this work other theory experiment
Co∞ as Pd -1.8 -2
a —
Co∞ as Pt -1.9 -1.6
b —
Co1/Pd 6.6 1.9
c ∼3d
Co1/Pt 8.7 8.1,
e 3.1,f 5.0,g 5.9h 9.3,i 10f
Co∞/Cu -0.7 -0.5
j < 0k
Co∞/Au -0.6 -0.6
l < 0m
Co∞/Pt 0.1 0.1,
h 1.1n 0.15,i 0.12,o > 0p
a Daalderop et al.6
b Lehnert et al.56
c B lon´ski et al.17 (for a relaxed geometry)
d Claude57
e B lon´ski & Hafner58 (value for a bulk-like geometry is
shown)
f Balashov et al.59 (calculations for a relaxed geometry)
g Etz et al.60
h Lazarovits et al.61
i Gambardella et al.62
j Hammerling et al.11
k Huang et al.63
l U´jfalussy et al.12
m Padovani et al.64
n Lehnert et al.56 (for a monolayer in an hcp position with a
relaxed geometry)
o Meier et al.65
p Moulas et al.31
glect of the geometry relaxation. For open systems such
as adatoms and, to a lesser degree, supported monolayers
the use of the ASA will certainly affect the values of the
MAE. However, it follows from the comparison between
ASA and full potential calculations for identical systems
that the effect of the ASA should not be crucial. E.g.,
for a Co monolayer on Pd(100) with a bulk-like geom-
etry, one gets MAE of -0.73 meV using the ASA67 and
-0.75 meV using a full potential68. For a Co adatom on
Pt(111) with a bulk-like geometry, the MAE is 8.7 meV if
obtained using the ASA (this work), 9.2 meV if obtained
using a full-potential for a 4×4 supercell on a 4-layers
thick slab66 and 8.1 meV if obtained using a full poten-
tial for a 5×5 supercell on a 5-layers thick slab58. For a
Co adatom on Pt(111) in an adsorption hcp position with
a relaxed geometry, the ASA yields MAE of 1.90 meV67
and a full potential yields MAE of 0.72 meV (for a 5×5
supercell on a 5-layers thick slab)17.
Our use of bulk-like geometries will probably affect the
calculated MAE more than the ASA does. To be quan-
titative, relaxing the geometry for a Co adatom in an fcc
adsorption position on Pt(111) changes the MAE from
9.2 meV to 4.8 meV66. Using an optimized geometry for
a Co monolayer on Pd(111) instead of a bulk geometry
9changes the MAE from 0.21 meV to 0.36 meV67. Relax-
ing a Fe monolayer on Pt(111) changes the MAE from
-0.66 meV to -0.47 meV69. Similar deviations have to be
expected for our systems. Therefore, one has to take our
values of the MAE with care when interpreting experi-
ments on real materials. This is especially true for the
Pt and Au substrates: atomic volumes of 3d elements
are significantly smaller than atomic volumes of 5d el-
ements, which will result in shorter Co–Pt and Co–Au
distances and, consequently, smaller magnetic moments
and smaller MAE in comparison with the values we ob-
tained here for the bulk-like distances. One could argue
that a cautious attitude should be applied to all LDA cal-
culations of MAE for adatoms anyway, because of pos-
sible orbital polarization effects62,70 which are hard to
describe within conventional ab initio procedures. The
important thing is that our focus here is not on the par-
ticular value of the MAE but on the general trends over
a large set systems, each of them being treated with the
same technical parameters. As it follows from table X,
our calculations yield results in the same range of val-
ues as other ab initio calculations and also as provided
by experiment, which gives us confidence that we can use
them to draw reliable conclusions concerning the effect of
the substrate SOC and Bex when going from adatoms to
monolayers and when going through substrates of various
properites.
We found that, generally, the substrate is more impor-
tant when dealing with monolayers than when dealing
with adatoms. A similar observation could be made also
on the basis of several earlier studies performed via the
torque decomposion (see end of Sec. I A). On the one
hand, this is surprising, because the ratio of the num-
ber of participating substrate atoms to the number of
adsorbed atoms is much larger for the adatoms than
for the monolayers so one would expect that as a con-
sequence of this, the substrate should be more impor-
tant for the adatoms than for the monolayers. On the
other hand, one could argue that the electronic struc-
ture of the (originally) non-magnetic substrate is more
altered by the presence of monolayers than by the pres-
ence of adatoms, suggesting that the involvement of the
substrate in the magnetocrystalline anisotropy will be
higher for the monolayers than for the adatoms. The
results demonstrate that the second trend prevails.
The exchange field Bex in the substrate has practically
no effect on the MAE in case of adatoms. This is not sur-
prising for the Cu, Ag, and Au substrates because they
have the enhancement Sxc factor close to unity. How-
ever, this holds also for the Pd and Pt substrates which
is quite surprising because these elements have quite large
Sxc and, moreover, a 3d adatom or impurity induces in
these materials an extended polarization cloud, the mag-
netic moment of which may be larger than the moment
of the inducing 3d atom71–73.
Turning to the role of the substrate Bex field for Co
monolayers, it is unimportant in the case of Cu, Ag, and
Au substrates. However, it is significant in the case of
a Co monolayer on the Pd substrate and crucial in the
case of a Co monolayer on the Pt substrate (cf. corre-
sponding lines in table VII labelled by Bex 6= 0 and by
Bex = 0). Interestingly, the role of the Bex field is larger
for Pt than for Pd even though the Sxc factor for Pd is
about three times larger than for Pt (table I). Another
intriguing feature is that for a Co monolayer on Pt, the
importance of the substrate Bex field strongly depends
on whether the SOC is fully included or whether it is in-
cluded only on one type of atoms (either on Co atoms or
on Pt atoms): in the former case, the role of Bex is signif-
icantly more important than in the latter case. We could
summarize this point by saying that the effects of Bex
and SOC are intertwined in this case and both factors
contribute to the MAE in an non-additive way. While
the effect of the SOC was explored for some layered sys-
tems already5,6,15,22,23,26–28, the role of the substrate Bex
has been investigated here for the first time.
Let us recall again that it is in principle not possible to
decompose the MAE into a sum of site-related quantities.
This can be illustrated also by analysis of Tabs. VI–VII,
because the values in the “ξCo 6= 0, ξsub 6= 0” column
clearly differ from the sum of the values in the “ξCo 6= 0,
ξsub = 0” and in the “ξCo = 0, ξsub 6= 0” columns. The
fact that one cannot decompose the MAE into a sum of
contributions corresponding to situations where the SOC
is included only on one atomic type at a time was pointed
out already in some earlier works, e.g., by Wang et al.5
for a Pd/Co/Pd sandwich or by Subkow and Fa¨hnle23
for a Fe-Au interface.
Another interesting point in this respect is that a
stronger SOC for a substrate does not necessarily mean
that it has got a higher relative importance concerning
the MAE. In particular, the SOC for Ag is about twice
as strong as for Cu and yet the relative role of these
substrates for the MAE of a Co monolayer supported
by them is the same — about 20% (table IX). The Bex
field does not interfere here because its role is negligible
both for Cu and for Ag (table VII). The relatively small
role of the SOC for the Ag substrate reminds a simi-
lar situation for Co/Ag multilayers: Daalderop et al.6
found that even though the SOC strength is similar for
Pd and Ag, its role is more significantly important for
the Co1Pd2 multilayers than for the Co1Ag2 multilayers.
In other comparisons, however, it appears that stronger
SOC indeed implies a bigger role of the substrate for the
MAE (cf. Cu, Ag, and Au substrates for a Co adatom,
table VIII). So it seems that there is no unique pattern
in this respect.
It follows from our results that if one analyzes the ef-
fects of site-related SOC and Bex for the MAE, the role
of the substrate is much more important than what one
gets from comparing individual site-related terms in the
torque evaluation. Especially this is true for Co adatoms
on Au, Pd, and Pt and for a Co monolayer on Au, where
the differences are two orders of magnitude. So while
evaluating the torque is a convenient way to calculate the
MAE of a system, it should not be used for assessing the
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roles of various constituents for the magnetocrystalline
anisotropy of a compound or a nanostructure.
Although we have not explicitly tested for our systems
the decomposition scheme based on site-projected den-
sities of states, we expect that the outcome concerning
the role of the substrate would be similar as with the
torque formula, among others because both approaches
are based on the magnetic force theorem. This view is
based also on the analysis of the results of works which
employed this scheme: By decomposing the MAE for
surfaces and multilayers into layer-resolved contributions
via site-projected DOS it was found that the main con-
tribution comes from surfaces and interfaces, with only
a small part coming from non-magnetic substrates or
spacers10–13. Such an outcome clearly differs from the
picture obtained via site-related SOC and Bex analysis
in the present work.
All the substrate materials we investigated had the ten-
dency to orient the magnetic easy axis in the out-of-plane
direction: by switching on the SOC and Bex in the sub-
strate, either the out-of-plane orientation of the magnetic
easy axis was reinforced (in the case of adatoms, see ta-
ble VI), or the preference of the magnetic easy axis for
the in-plane orientation got weaker (in case of monolayers
on Cu, Ag, and Au, see table VII), or the magnetic easy
axis was re-oriented from the in-plane direction to the
out-of-plane direction (in case of monolayers on Pd and
Pt). It would be interesting to check for other adsorbates
how general this tendency is. Finally, it should be noted
that the same approach we used here could be applied
also to layered systems such as CoPt or FePd to assess
the role of the non-magnetic element in these systems.
V. CONCLUSIONS
The role of the substrate for generating the magne-
tocrystalline anisotropy of supported nanostructures can
be assessed by comparing the MAE calculated for the
real system with the MAE calculated for a model system
where the spin orbit coupling and the effective exchange
field Bex is suppressed at the substrate atoms. For Co
adatoms on noble metals (Cu, Ag, Au, Pd, Pt), the con-
tribution of the substrate SOC and Bex to the MAE is
relatively small while for Co monolayers it can be sub-
stantial. For all five substrates we explored, we found
that their contribution to the MAE is out-of-plane.
The role of the substrate SOC is more important than
the role of the substrate exchange field Bex. For Co
adatoms on Cu, Ag, Au, Pd, or Pt, the substrate Bex
field has practically no effect on the MAE. For Co mono-
layers, the substrate Bex field is unimportant for sub-
strates which are hard to polarize (Cu, Ag, Au) but it
is significant for highly polarizable substrates (Pd, Pt).
Generally, the effects of the SOC and of the Bex field
effect are non-additive. The same is true for the effect
of SOC if it is selectively switched on either only for the
adsorbed atoms or only for the substrate atoms.
TABLE XI. Dependence of the MAE for a Co monolayer on
Cu(111) and on Pt(111) on the number Nk of integration
points in the surface Brillouin zone. The MAE was calcu-
lated both by evaluating the torque according to equation (2)
(columns labelled by “∂E(θ)/∂θ”) and directly by subtract-
ing the total energies for two orientations of the magnetization
(columns labelled by “∆Etot”). The MAE is in meV’s.
Cu Cu Pt Pt
Nk
∂E(θ)
∂θ
∆Etot
∂E(θ)
∂θ
∆Etot
3600 -0.684 -0.720 0.115 0.012
6400 -0.650 -0.696 0.198 0.202
10000 -0.685 -0.714 0.080 0.100
22500 -0.688 -0.732 0.128 0.112
40000 -0.687 -0.726 0.113 0.120
TABLE XII. Dependence of the MAE for a Co adatom on
Cu(111) and on Pt(111) on the number Nk of integration
points in the surface Brillouin zone used when calculating the
electronic structure and the Green’s function of the host. The
MAE is in meV’s.
Cu Pt
Nk
∂E(θ)
∂θ
∂E(θ)
∂θ
3600 12.046 8.474
6400 12.395 8.692
10000 13.170 8.719
22500 12.909 8.689
40000 13.181 8.763
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Appendix A: Convergence of the MAE with respect
to the k space integration grid
The integration within the 2-dimensional k space was
done on a regular grid. We used 10000 points in the full
surface Brillouin zone to determine the self-consistent po-
tentials as well as to evaluate the MAE via equation (2).
According to our experience, this grid density is in the
regime where the results are already converged enough
to provide the MAE with accuracy of about 5% (for very
small absolute values of the MAE, the relative accuracy
may be somewhat worse). We demonstrate this in ta-
bles XI–XII where we explore the k-grid dependence of
the MAE for two extreme cases of the substrate mate-
rial, namely, for low-SOC low-polarizable Cu and high-
SOC highly-polarizable Pt. Apart from results obtained
by evaluating the torque according to equation (2), we
present for the monolayers also results obtained by a di-
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FIG. 2. (Color online) Torque T (θ, φ) as a function of θ for Co adatoms and monolayers on Cu(111) and Pt(111). Markers
represent calculated points, thick lines are guides for an eye, thin lines are uniaxial contributions [proportional to sin(2θ)] which
would yield the same MAE as provided by equation (2).
rect subtraction of the total energies for two orientations
of the magnetization. This demonstrates that relying on
the magnetic force theorem together with equation (2) is
justified for our purpose.
Appendix B: Higher-order contributions to the
MAE
When using equation (2), we assume a simple uniaxial
dependence of the torque on the polar angle θ, i.e., we ne-
glect higher-order contributions. These can be accounted
for if we evaluate the torque T (θ, φ) for the whole θ range.
The anisotropy then can be evaluated by performing the
integral
EMAE =
∫ pi/2
0
dθ T (θ, φ) . (B1)
To verify that it is sufficient for our purpose to restrict
ourselves to uniaxial contributions, we present here the
full θ scan of the torque T (θ, φ) for Co adatoms and
monolayers on Cu(111) and on Pt(111). For the mono-
layers we probe the azimuthal dependence as well, i.e.,
we perform the θ scans for the magnetization direction
confined either to the xz plane (φ = 0◦, horizontal di-
rection in figure 1) or to the yz plane (φ = 90◦, vertical
direction in figure 1). The azimuthal dependence of the
MAE for the adatoms on fcc (111) surfaces is expected
to be very weak (cf. data for a Co adatom on Pd(111)67)
so it is not explored here — just data for φ = 90◦ are
presented in this case.
The dependence of the torque on θ is shown in figure 2.
The comparison of the MAE obtained via equation (2)
and via equation (B1) is shown in table XIII. One can see
from figure 2 that there are clear deviations from the sim-
ple uniaxial behaviour of T (θ, φ) both for adatoms and
for monolayers. These deviations are especially evident
for the Co monolayer on Pt(111), which is probably con-
nected with the large role of the substrate in this case
(see section III B). However, the data presented in ta-
ble XIII demonstrate that as long as we are concerned
with integral quantities such as is the MAE defined in
equation (3), it is sufficient in our case to deal just with
the uniaxial contributions, i.e., to rely on equation (2).
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TABLE XIII. MAE for Co adatoms and monolayers on Cu(111) and Pt(111) evaluated just using the torque at θ=45◦ according
to equation (2) and using the torque over the whole θ range according to equation (B1). The MAE is in meV’s.
adatom monolayer monolayer adatom monolayer monolayer
on Cu on Cu on Cu on Pt on Pt on Pt
φ = 90◦ φ = 0◦ φ = 90◦ φ = 90◦ φ = 0◦ φ = 90◦
via eq. (2) 13.170 -0.684 -0.685 8.719 0.081 0.080
via eq. (B1) 13.570 -0.685 -0.684 8.897 0.111 0.109
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